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Table 1. Characteristic levels for FCA-CRT Lippenbroek. 
FCA-CRT Lippenbroek Tidal river characteristics 
Ring dike Crest level +8.35 m TAW mean high tide +6.0 m TAW (spring tide)
+5.6 m TAW (mean tide)
+5.1 m TAW (neap tide)
Levee Crest level +8.00 m TAW
Overflow dike Crest level +6.80 m TAW
Inlet sluice Level of culvert ceiling +5.90 m TAW mean low tide +0.1 m TAW (spring tide)
+0.3m TAW (mean tide)
+0.5 m TAW (neap tide)
Crest level of stop log weirs +5.30/+5.00/+4.70 m TAW
Level of culvert floor +4.00 m TAW
Outlet sluice Level of culvert ceiling +3.00 m TAW
Level of culvert floor +1.50 m TAW
Polder Mean elevation +2.6 m TAW
Table 2. Characteristic culvert dimensions for sluices of FCA-CRT Lippenbroek. 
Inlet sluice Outlet sluice 
Number of culverts 3 Number of culverts 1 
Culvert width 1.00 m Culvert width 1.50 m 
Culvert height 1.90 m Culvert height 1.50 m 
Culvert length ca. 13 m Culvert length ca. 40 m 
The geometry of the inlet sluice is depicted in Figure 5. An inclined drop has been chosen to direct the 
water inflow through the culverts into the Lippenbroek polder. Besides some orientating hydraulic calcu-
lations, no explicit reference was made to specific recommendations in (hydraulic) literature to select and 
size this type of construction. Given the limited vertical drop height and inlet sluice dimensions in this pi-
lot project, a (gently) sloping concrete slab of moderate size (without chute blocks and baffle blocks) was 
just believed to be simple to construct and elegant to integrate in the landward slope of the dike (since 
sidewalls protruding above the dike slope could be avoided).  
The inclined slab has a slope of 13.5%, corresponding to a drop in height of 2.25 m over a horizontal 
distance of 16.57 m. Due to diverging sidewalls (each having an angle of about 5° with respect to the lon-
gitudinal axis of the slab), the slab width varies from 4 m at the top to 7 m at the toe. The total area of the 
slab is about 92 m².  
At the toe of the drop, a stilling basin has been constructed. It consists of a horizontal concrete slab 
(with a small end sill), surrounded by gabions. The sizing of the slab has been based on calculations of the 
hydraulic jump during various tidal cycles in the river, taking into account the time evolution of the tail 
water depths in the polder. The maximum Scheldt level considered during these design calculations was 
at mean spring tide (+6.0 m TAW, Table 1), corresponding to an estimated total discharge of 6.5 m³/s, i.e. 
a specific discharge at the top of the inclined drop of 1.6 m³/s/m. The latter value has been confirmed by 
discharge measurements on site in Lippenbroek (Peeters et al., 2009). The resulting length of the concrete 
slab is about 7 m. Combined with a width of 15 m, yields a slab surface of about 100 m².  
Note that the construction occasionally also operates under much higher water levels in the river, 
hence much higher specific discharges. For a Scheldt level of +6.8 m TAW– i.e. the crest level of the 
FCA overflow dike, which is exceeded on average once or twice a year – the specific discharge is esti-
mated (based on a culvert formula, validated by scale model tests) to be 3.1 m³/s/m. No stability issues 
regarding possible erosion downstream of the stilling basin were raised:  
(i) Given the limited surface of the polder and its specific topography, high inflow discharges result
in rapidly increasing tail water depths, hence limited duration of exposure to non-protected parts
of the inlet basin and shifting of the hydraulic jump in the direction of the inclined drop.
(ii) Because the inlet sluice construction was completely surrounded by sheet pile walls, the structural
engineers did not consider the potential erosion to be harmful for the stability of the construction.
(iii) The location of the potential erosion was considered to be sufficiently far from the landward slope
of the neighboring dike sections.
(iv) Regular monitoring in the FCA-CRT was planned and, if needed, the authorities in charge of the
FCA-CRT were ready to restore and/or increase additional erosion measures such as gabions.
(v) The ecological engineers are in favor of hydraulic conditions that stimulate the morphodynamic
evolution (creek formation) of the polder (as long as the constructional stability of sluice and dike
are not at stake, of course).
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The geometry of the inlet sluice is sketched in Figure 8. Note that instead of an inclined drop (like the 
FCA-CRT Lippenbroek), a stepped cascade was chosen to direct the water inflow through the culverts in-
to the Kruibeke polder. Several considerations motivated this choice:  
(i) The drop height between the floor level of the inlet culverts and the mean elevation of the polder
is much higher at Kruibeke (2.9 m) as compared to Lippenbroek (1.4 m).
(ii) The total width of the inlet sluice is much larger in Kruibeke (ca. 51 m) as compared to Lip-
penbroek (4 to 7 m). The construction of an inclined slab of such a size is more difficult.
(iii) The water board in charge of the FCA-CRT decided to change the design conditions. Before, it
was assumed that the inlet culverts would be closed manually (e.g. by closing a slide gate in each
inlet culvert) prior to early flood warnings that predicted overtopping of the overflow dike. This
measure was intended to maximize the storage capacity available in the FCA for storm surge miti-
gation. After the decision of the water board, it could no longer be assumed that the inlet culverts
would be closed in such circumstances. Hence, the design Scheldt level could be higher than the
crest level of the FCA overflow dike (+ 6.8 m TAW).
(iv) The surface of the FCA-CRT Kruibeke (200 ha) is much larger than FCA-CRT Lippenbroek (10
ha) and additionally, the topography at Kruibeke gives rise to a slow increase of the tail water
depths in the polder in response to water inflow.
(v) During the design of the inlet sluice at Kruibeke fish migration was of much more concern than
during the (earlier) design at Lippenbroek. Therefore, a pooled step cascade was selected, since
this type of construction was considered to be less harmful for fish migrating towards the polder
through the inlet sluice culverts.
(vi) The extra aeration that a cascade was likely to produce (as compared to an inclined drop) was con-
sidered to be an ecological asset.
The cascade consists of three steps, the dimensions of which are presented in Table 5 and Figure 8. Every 
step has an end sill, turning the construction into a pooled step cascade. To protect fish migrating from the 
river into the polder via the inlet sluice, the ecological engineers required the height of the end sill, i.e. the 
pool depth, to be at least one third of the drop height between consecutive steps. 
Figure 8. Sketch of inlet sluice for FCA-CRT Kruibeke. 
During the design, Scheldt levels up to +8.0 m TAW have been considered, i.e. levels that are significant-
ly above the crest level of the FCA overflow dike (+6.8 m TAW). Such high levels – though accompanied 
by relatively high tail water depths due to the preceding filling of the polder – still might give rise to su-
percritical flow above parts of the inlet sluice construction. The specific discharge (estimated with culvert 
formulas, validated by scale model tests) and critical flow depth corresponding to various high tide levels 
and crest levels of the stop log weirs are presented in Table 6. 
The cascade has been dimensioned for nappe flow, based upon the guidelines in Chanson (2002 & 
2004). These guidelines, however, are not valid for pooled step cascades, of which the hydrodynamics 
was still poorly known at the time. Therefore, it was decided to test the design afterwards in a scale model 
(scale 1:12) at Flanders Hydraulics Research (De Mulder et al., 2011). 
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4 COMBINED INLET-OUTLET SLUICE WITH INTERNAL DROP STRUCTURE 
Currently, several FCA-CRTs are under design, in which the inlet and outlet sluices are combined in one 
single structure. A schematic view of such a construction is given in Figure 10. Note that the inlet culverts 
are situated on top of the outlet culverts.  
During inflow, water enters through the inlet culverts. The intake level can be adjusted by means of a 
stop log weir. If needed, the amount of inflow can be further reduced by (partially) closing a slide gate in 
some culverts.  
During outflow, water is drained through the outlet culverts. The latter are equipped with flap gates at 
the river side.  
Figure 10. Schematic view of a combined inlet-outlet sluice (source: IMDC, 2008). 
To dissipate the energy of the inflowing water, use is made of a vertical drop and a stilling basin. The 
stilling basin is formed by lowering part of the floor slab of the outlet culvert. Typically, dimensions of 
the stilling basin are based upon formulas in Chow (1982), French (1986), Sinniger & Hagen (1989) and 
Ritzema (1994). 
The combined inlet-outlet sluice is believed to offer some important advantages both from the struc-
tural and the ecological point of view:  
(i) reduction of construction and maintenance costs (only one foundation is needed; less concrete),
(ii) the inflow and outflow hydro- and morphodynamics are concentrated in one place, which is favor-
able for:
o “natural” creek formation in the polder,
o the constructed creek at the riverside of the combined inlet-outlet sluices to remain at
depth,
(iii) reduced losses of tidal marshes along the river,
(iv) reduced losses of available length for overflow dike.
The combined inlet-outlet structures which are currently under design, are meant for FCA-CRTs situated 
at different locations in the estuary, involving different characteristics of polders and river tide. Moreover, 
the desktop designs are made by distinct design teams. Hence, it is not surprising that a diversity of ge-
ometries are being proposed. 
In order to identify possible flaws in the design and to support the optimization of the different com-
bined inlet-outlet structures from the hydraulic point of view, an intensive physical model study (scale 
1:8) has been initiated at Flanders Hydraulics Research. To allow different geometries to be tested con-
secutively in an efficient way, a flexible model set-up has been designed and built (Figure 11). Among 
other things, the dimensions of the space available for the vertical drop and those of the stilling basin can 
be easily modified.  
Some results of the optimization of a first combined inlet-outlet sluice design are discussed in a com-
panion paper by Vercruysse et al. (2013).  
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Finally, it should be emphasized that the often tight time frame for design and construction, rarely al-
lows a complete and in-depth hydraulic optimization study to be carried out. 
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